The public health and biomedicine communities have long recognized the need for regular synthesis of the available literature. Given the explosion of scientific information, there is simply too much literature available for any one person to be up-to-date. Review articles, which summarize existing knowledge in an area, serve to fill this need and are published in journals (e.g. Epidemiologic Reviews, Annual Reviews of Public Health) or special volumes, often as invited papers.
There are at least two general purposes to health-related reviews-one to summarize analytical research (e.g. analyses related to possible risk factors for a disease, or the efficacy of an intervention), and the other to summarize descriptive information (e.g. disease mechanisms, incidence and prevalence of a condition) and generate hypotheses and debate. While the value of analytical reviews is mainly to guide future research and clinical practice, the value of reviews that summarize descriptive information is mainly to educate. Some reviews serve both purposes, and others serve only one.
Reviews of analytical research are more likely to affect directly decision making (e.g. research funding, treatment), yet their validity is more clearly threatened by bias. While the review author's opinion can be quite valuable in selecting, presenting, and interpreting information which tells a story, it is potentially harmful in deciding which work should be included and excluded in summarizing existing data. Because of their particular relevance to epidemiological research, reviews of analytical studies will be the focus of this paper.
Systematic Reviews in Biomedicine
Probably most investigators have written at least one review article. But where are the instructions for how to go about doing it? Until recently, little or no attention has been paid to teaching students a 'correct' way to perform a review. It seems as if a double standard has existed: whereas the biomedical community has generally agreed on the elements of a good quality primary research study, we have not agreed to similar standards for reviews. The traditional review article typically has had no standard format and often has had no quantitative synthesis. Relevant to our discussion here, instructions for authors for specific epidemiology journals rarely specify the components of review articles they aim to publish (Table 1) .
This state of affairs is indeed strange in epidemiology, a field that defines itself in terms of research methodology. A review article is essentially an observational study, where the population is not humans but individual research studies, even when those studies are clinical trials. Data collection for a review thus involves either taking a sample of a well-defined population (of studies) or attempting to identify all members of the population if an unbiased sample is impossible. Most epidemiologists would not consider undertaking an observational study without a hypothesis, a predefined protocol for data collection and analysis, predetermined inclusion criteria, and careful consideration of ways to minimize bias, yet reviews are undertaken every day in epidemiology without attention to such methodology. 1, 2 Systematic Reviews of Results in Biomedicine 'Systematic reviews,' reviews which report and adhere to a scientific research methodology that attempts to minimize bias and errors, have been proposed and used in response to problems with the traditional narrative review. Systematic reviews can include a meta-analysis, where the results of similar but separate studies are quantitatively combined.
Early reports of methodological research related to systematic reviews of clinical trials appeared in the 1980s 3 and are now fairly common. In this research arena, The Cochrane Collaboration 4,5 provides a supportive environment for identifying research needs related to systematic reviews through the Cochrane Methods Groups, for example, the Reporting Bias Group and the NonRandomized Studies Group. The Cochrane Methodology Register, published quarterly in The Cochrane Library, includes over 1300 citations, the vast majority of which relate to clinical trials.
To assist with the identification of all relevant studies for systematic reviews of clinical trials, the Cochrane Collaboration has developed CENTRAL, the most comprehensive database of controlled trials and other studies in existence today, 6 for use by reviewers and others; CENTRAL includes over 300 000 citations as of December 2000. Several related efforts are underway to register ongoing trials, many of which may never be published. The most notable efforts are those of the US government, 7 the UK government, and 'meta-registers' such as Current Controlled Trials 8 and TrialsCentral.org. 9 
Systematic Reviews of Observational Studies
Where are we now? Systematic reviews of observational studies of aetiology are especially important. Studies of this type tend to be limited in size and thus by examining multiple similar studies simultaneously we can achieve insight into real and spurious associations. If the associations detected by these observational studies are causal, even small increased risks are likely to have a large public health impact when exposures are common. Systematic reviews of observational studies can also be important in detecting the consequences (such as harm) associated with an intervention. Clinical trials are rarely of sufficient size or duration to follow a meaningful number of patients for adverse events, especially when the events are unexpected, and thus systematically keeping track of up-to-date information from observational studies is critical. Beral and her colleagues, for example, have spearheaded an international effort to examine the association between breast cancer and a variety of exposures, including oral contraceptives, post-menopausal hormones, and induced abortion. 10 Systematic reviews of analyses of large databases are another way of evaluating the consequences of health care interventions using observational data.
Systematic reviews and meta-analyses of observational studies are now fairly common, increasing dramatically in number over the last two decades. In 1985, Louis and colleagues 11 were only able to identify four meta-analyses of epidemiological studies, and yet 11 years later over 400 meta-analyses of observational studies were published in a single year. 12 Syntheses involving observational studies appear to comprise almost half of all published meta-analyses. 13 Still, epidemiology journals have not committed to the important move towards systematizing the review process: Breslow and her colleagues 1 found that, in 1995, less than 40% of reviews in seven epidemiology journals were systematic.
Obstacles to systematic reviews in epidemiology
Despite the burgeoning use of systematic reviews and metaanalyses in epidemiology, the community as a whole has not yet embraced them as important tools in its armamentarium and the approach remains controversial. [14] [15] [16] Why is this? Certainly, formal, published systematic reviews are superior to those we do 'in our heads' when formal quantitative syntheses are not available. There are many possible reasons for the controversy. First, the systematic review is inexorably bound in people's minds with meta-analysis. While the benefits to doing systematic reviews seem almost irrefutable, the potential problems of meta-analysis related to observational studies (e.g. selection bias and confounding) seem insurmountable to some. 14 Because of the high likelihood of achieving spurious results in a metaanalysis of observational studies, systematic reviews should probably not emphasize this approach.
Second, and perhaps more importantly, there is little methodological research relating to performance of systematic reviews of observational studies, which leaves potential reviewers feeling vulnerable at the many decision points involved in doing a typical review. Although many of the systematic reviews in epidemiology include investigation of heterogeneity, possible biases and confounding, and perform sensitivity analyses, there have been few studies performed specifically to investigate the methodology of reviews in epidemiology. Third, there is limited training available for those seriously interested in doing systematic reviews of observational studies, and until recently there has been little guidance on how to report them. 12 Finally, there is no academic or other reward system in place for those who specialize in doing systematic reviews, perhaps because journals classify them separately from original research, they are difficult to get funded, and when they are funded they are wrongly assumed to be easy and quick to do. 17 
The need for methodological research
The time has come for a generalized international collaborative effort to identify all epidemiological studies, and to begin systematically reviewing available data for important epidemiological questions. The only endeavour comparable to the Cochrane Collaboration for epidemiological studies, as far as this author knows, is the HuGE (Human Genome Epidemiologic) Network -which produces systematic, structured, peer-reviewed synopses of epidemiological aspects of human genes in relation to specific diseases. 18 If we in the epidemiology community were to start today a massive effort comparable to that undertaken by the Cochrane Collaboration, we would be unprepared for the challenges facing us, given the dearth of methodological research related to systematic reviews of observational studies. This is surprising given our field's methodological bent. But if systematic reviews and meta-analyses are themselves regarded with suspicion, interest in doing research on related methods may be unlikely. Furthermore, at least in the US, methodological research related to systematic reviews is typically not funded. Methodological research related to clinical trials may be more likely to be performed without formal funding sources because it can utilize funds available indirectly: clinical revenues, when available; funding allocated to trial conduct; and funding allocated for the conduct systematic reviews, such as those performed for the evidence-based practice reports supported by the Agency for Healthcare Research and Quality and many of the reviews performed by the Cochrane Collaboration.
What methodological research has been done so far relating to systematic reviews of observational studies and where are the gaps in our knowledge? Table 2 and the following paragraphs summarize major areas for suggested methodological research.
Dissemination of findings from epidemiological studies
Perhaps the major question facing those performing systematic reviews is whether there should be a minimum study quality for individual studies to be included in a review. [19] [20] [21] (It should be noted that the quality of the study as it is reported, not as it was performed, is what is typically evaluated.) Proper reporting of observational studies has long been addressed in the literature, 22 yet very little has been done to ensure implementation. For example, a standardized reporting structure for observational studies, such as has been implemented for clinical trials, 23 has not yet been endorsed by journal editors. In another example, structured abstracts are still not ubiquitous in epidemiological journals (Table 1) . Even when structured abstracts are required, they are not particularly informative regarding assessment of study design and other factors useful for those performing systematic reviews. Epidemiology journal editors should work together to develop uniform reporting structures 24 that will enhance report quality and inform the performance of systematic reviews.
Studies need to be done examining contributing factors to study quality and the relationship of those factors to study design, language in which the report is written, country of author or study origin, whether the study is published or not, the type of publication (e.g. MEDLINE-indexed, conference proceedings, thesis), and size of the association observed. Any association between quality and these items would indicate potential for bias when conducting reviews.
Identifying relevant studies
Selection bias is a major threat to a valid systematic review. Reporting bias, the tendency to publish findings depending on a bias at the investigator or editorial level, is one of the major ways in which selection bias is manifested. Publication or positive outcome bias, the selective reporting of studies based on the strength or direction of the results, has been identified for observational studies as well as clinical trials, [25] [26] [27] though no in-depth analysis of observational studies has been done as it has for clinical trials. Other related areas of concern include bias against reporting or accepting 'negative' results in English language journals when the author's native language is not English; [28] [29] [30] bias against accepting articles authored by one sex versus the other; 31 bias against authors from countries different from the journal publisher or editor; 32 and so forth. If systematic reviews limit their scope, for example, to English language articles, and if English language articles tend to report stronger associations, 33 then this would result in a biased review.
Another type of selection bias is the failure to identify all relevant reports for a systematic review. This would be acceptable if one could be assured that those reports identified were a random sample of all those eligible. Since this is not possible, it is critical that we understand the validity and reliability of the searching methods reviewers have available to them. Electronic searching of bibliographical databases is probably the most common method used to identify studies. In the field of clinical trials, research on the sensitivity and precision of MEDLINE has been ongoing since the early 1980s, 34, 35 and has expanded to include searching using other electronic databases and hand searching methods. In a nutshell, these studies have found that the most sensitive searches (e.g. hand searching) are not precise and compel the reader to review thousands of irrelevant articles or abstracts. Electronic searching, especially of issues before 1991, when important clinical trials indexing changes were made, is not terribly sensitive. Electronic searching can only retrieve articles that are present in the database being searched (e.g. conference proceedings and non-indexed journals would not typically be included), and only if they are indexed under the 'key words' selected by the searcher. Little has been done to examine searching sensitivity and precision for observational studies, and what has been done is limited to MEDLINE searching of selected high impact clinical journals in general and internal medicine. 36 Finally, at least one study has shown that having more than one person to hand search a journal issue increased the proportion of trials identified. 37 The 'grey literature', which includes conference proceedings, books, and theses is not typically accessed using electronic searching and, along with unpublished studies and data, is often underascertained. 38 Studies need to be done to assess the size of the problem and to examine the utility of contacting experts to find out about other studies. 39 Furthermore, it would be useful to compare published findings with the additional findings obtained from making these contacts. Since one cannot hope to find all reports published in the grey literature until a comprehensive register of observational studies is in place, it would be useful to know whether results published in the grey literature differ in any systematic way from results published in journals and bibliographically indexed publications. McCauley 40 found significantly larger estimates of an intervention's effect in 135 meta-analyses that depended on journal-published trials, compared to those that included 'publications' from the grey literature.
Selection bias can also occur in making decisions about which studies to include and exclude from systematic reviews. Ideally, all inclusion criteria are set before reviewing the studies SYSTEMATIC REVIEWS IN EPIDEMIOLOGY 9 Table 2 Methodological issues in systematic reviews and examples of research performed
References to related methodological Methodological issue
Examples of related methodological research research
Study quality
What dimensions of methodological quality of Establish and test elements of study quality, reproducibility 19, 29 epidemiological studies are essential to avoid bias? and validity of quality scoring systems
Is there a relationship between study quality and Examine relationship between study quality 56, 57 study design, language, country of origin, publication, and opportunities for bias type of publication, and size of association observed?
Selection bias
What is the impact of publication bias?
Examine publication bias: Language bias, positive outcome bias 30, 58, 59 (on the parts of authors, conference organizers, editors)
What is the impact of incomplete ascertainment Examine usefulness of contacting experts to ask about existence 35, 39, 40 of published studies on a systematic review? of other studies; compare results in grey literature and conference abstracts with indexed publications; examine sensitivity, precision, and cost of searching methods
What is the impact of incomplete ascertainment Examine effort required and success rate in contacting 39, 60, [61] [62] [63] of all outcomes examined and analyses performed? authors for additional information; compare published findings with findings obtained when authors contacted
Are the results of systematic reviews different
Compare findings of high-quality systematic reviews with 41, 64, 65 when inclusion criteria are determined post hoc traditional and lesser quality reviews; examine utility of or non-reproducibly?
blinding of abstractors to source, authors, and results when selecting studies for review
Information bias
What is the impact on results of a systematic review Follow conference abstracts to determine proportion when data must be deduced (e.g. from a graph) reaching full publication; compare reliability of information or assumed (e.g. from an abstract)?
in abstracts with subsequent full reports; consider more uniform adoption of structured abstracts 42, 44, 66, 67 What methods should be used to ensure that data Test utility of having duplicate abstraction -collection is objective and reliable?
Are the data provided in publications reliable and valid?
Compare results from systematic reviews of published 61, [68] [69] [70] data to reviews using individual participant data; consider development of CONSORT-like statement
Analysis
Can the apparent heterogeneity of studies/results Examine association between results and study quality; 47, 52, 70 in the review be explained? study outcomes and selection of cases and controls, methods used for assessment of exposure and assessment of outcomes; possible confounding; role of test of heterogeneity; comparison of meta-analysis with single large study Do the statistical methods used to combine Compare results obtained using different assumptions and 53, [71] [72] [73] [74] individual studies influence overall estimates? models, methods to adjust such as meta-regression; omission of studies because outcomes not available or in unusable format (e.g. no standard deviation available); effect of small numbers in cells What is the effect of sensitivity analyses Opportunities for bias; study features that should be routinely 46, 56, 61, [75] [76] [77] on the findings of the review? explored because of relationship to outcomes and methods to do this; when can/should data from studies of different designs be combined; differences in findings using individual level data versus grouped data?
identified. But this is not always practical, since investigators may already know the literature fairly well, and eligibility criteria almost certainly need refinement based on the available information. One might imagine that 'high quality' systematic reviews, such as those that set eligibility criteria before beginning data collection, or those that mask reviewers to authors and results, might have different findings than those that did not. This has been tested by grouping reviews using (or not using) various methodologies, and comparing average effect sizes observed across reviews of each type. 41 
Information bias and selective reporting of outcomes
Information bias is a threat to any observational study and systematic reviews are no exception. One of the biggest challenges in doing a review is that one typically obtains information from a published article, not directly from individual study participants. This is not unlike obtaining data through a proxy respondent, with all its attendant problems. This is further complicated when one considers that sometimes only abstracts or other short summary reports are available, and these provide incomplete, sometimes preliminary, and even incorrect information. It would be useful to estimate the proportion of the literature (and information) one would miss if one chose to ignore abstracts. 42 It would also be useful to be able to estimate the reliability of the information in abstracts, compared to full text articles 43 and the key information missed if one were to rely on short reports. 44 If one wanted to examine the possibility for information bias when data are obtained from systematic reviews of published data, one could compare results from reviews of this type to reviews using individual participant data on the same topic. As noted earlier, development of CONSORT-like guidelines for publishing observational studies, as well as adoption of structured abstracts, would address concerns about information bias generally, and increase clarity and comparability of published reports. 45 
The quality and heterogeneity of epidemiological research
Performing an analysis of results as part of a systematic review, including a meta-analysis, is fraught with difficulties and opportunities for bias. To begin with, included studies are to at least some degree heterogeneous. Many of the meta-analyses of observational studies that have been conducted to date have explored the various sources of heterogeneity and their impact on a review's overall findings. For example, they have examined possible associations between results and study design; 46 selection of cases and controls; 47 methods used for assessment of exposure 48 and assessment of outcomes; differential effects in high-and low-risk groups; 49 and possible confounding. 50 Other areas for exploration would be the appropriate role of tests of heterogeneity and the frequency with which metaanalyses agree with single large observational studies.
Heterogeneity is typically explored using 'sensitivity analysis', where associations are estimated under various assumptions, for example including only studies conducted after a certain point in time, or studies performed in certain populations. Sensitivity analysis is useful for exploring bias: it might elucidate study features that should be routinely explored because of their relationship to outcomes of interests or the appropriateness of combining data from studies of different designs or using different types of control groups. This type of exploration is quite common in epidemiological systematic reviews. 51, 52 The statistical methods used to combine individual studies may influence overall estimates and results obtained using different assumptions and models should be compared. [53] [54] [55] Other areas for study include the effect of omitting studies from a review or meta-analysis because outcomes are not available or, even if they are, they might not be in usable format (e.g. analysis of continuous data using mean change may not be possible if standard errors are more available). 54 Conclusions Systematic reviews make sense and are here to stay. The epidemiological community should:
• Undertake methodological research related to systematic reviews; • Develop methods to enhance the quality of reviews, including registers of observational studies conducted and registers of variables examined in these studies; • Consider forming an international collaboration to undertake systematic reviews across all subject areas; • Ensure that the science of systematically reviewing and interpreting available knowledge is taught as part of every epidemiology training programme; and • Work with journal editors to standardize and improve the quality of reporting of observational studies, as well as the quality and profile of systematic reviews.
These efforts should be supported by the National Institutes of Health and other funding agencies, with realistic budgets. This may help academic promotions committees to recognize the importance of the research of reviews, which will ultimately contribute meaningfully to our knowledge base.
